Each of these methods has its advantages and limitations. For example, in the dielectrophoretic approach, the positioning of individual nanowires is determined by the arrangement of alignment electrodes and/or wells that are first patterned lithographically. 34 Thus, the development of more flexible and tunable dielectrophoretic methods would be valuable in several applications. For example, highly aligned nanowire bundles can dramatically increase the sensitivity of surface-enhanced Raman spectroscopy (SERS) for chemical and biomolecular sensing. 1, 35 However, current assembly methods provide inadequate control over the positioning of closely spaced nanowires, which strongly modulates the SERS signal intensity. 36 Therefore, a new approach that can generate controllable, tunable patterns is desirable. Herein, we demonstrate a standing surface acoustic wave (SSAW)-based nanopatterning technique, which enables the generation of tunable nanowire patterns either in suspension or on the surface of the substrate. Previously, we have used SSAW-based methods to manipulate (i.e., pattern, focus, and separate) electronically insulating microspheres or cells. 37À44 In these earlier studies, acoustic radiation forces caused by pressure fluctuations in the liquid played a major role in the manipulation of microscale objects, driving them to pressure nodes or antinodes. In contrast, we take advantage here of the SSAW-induced piezoelectric field 45, 46 to align and pattern metallic (i.e., silver) nanowires by dielectrophoresis. SSAWs induce a nonuniform charge distribution and create virtual electrodes 47 on the piezoelectric substrate. By controlling the distribution of the SSAW field, virtual electrode arrays are easily repatternable, allowing for the manipulation of nanowires in real time. This flexibility is unattainable for most conventional approaches, 18À34,48 which ordinarily generate static patterns.
In this article, we demonstrate versatile, tunable patterning of nanowires into parallel and perpendicular arrays, as illustrated in Figure 1 . In a SSAW-induced ac electric field, disordered nanowires ( Figure 1A ) suspended in liquid are aligned and assembled along the electric field lines ( Figure 1D ). With the application of one-dimensional (1D) SSAW, the nanowires are assembled into parallel rows with the same orientation ( Figure 1B ). In two-dimensional (2D) SSAW fields, the nanowires form a 2D lattice ( Figure 1C ) with 3D spark patterns at the nodes of the network ( Figure 1E ). Because the pitch of both the 1D and 2D structures is sensitive to the frequency of the SSAW field, this technique allows for the patterning of nanowires with tunable spacing and density.
RESULTS AND DISCUSSION
Mechanism of 1D Nanowire Patterning. Parallel nanowire arrays were assembled using a 1D SSAW field as illustrated in Figure 2A (see Supporting Information, Figure S1 A and B for device details). Two parallel interdigital transducers (IDTs) were deposited on a piezoelectric substrate (Y-128°LiNbO 3 ) to generate traveling surface acoustic waves (SAWs) along the x axis and form a 1D SSAW field. To study the mechanism of nanowire patterning, we used two parallel IDTs that had 20 pairs of electrodes with electrode widths and spacing gaps of 75 μm. Both IDTs could generate identical SAWs with a wavelength of 300 μm at a resonance frequency of 12.6 MHz. The input power was optimized between 50 and 80 mW considering the intensity of dielectric forces and the fluidic streaming effect (Supporting Information, Figure S2 ). 49 We used silver nanowires as a model in this study because of their wide applications in photonics, electronics, and biosensors. 50À58 Ag nanowire suspensions were injected into a 10 Â 10 mm 2 open microchamber with a depth of 50 μm between the LiNbO 3 substrate and a glass slide. The patterning process was observed in dark field using an optical microscope. Figure 2B presents a cross-sectional view of the piezoelectric substrate along the x axis to illustrate the mechanism of nanowire patterning in a 1D SSAW field. The standing mechanical vibrations along the z axis induce a nonuniform charge distribution on the LiNbO 3 substrate. The periodic displacement nodes (minimum displacement) correspond to SSAW pressure antinodes. When placed in the SSAW field, polystyrene microspheres are driven to the displacement antinodes (pressure nodes) with a consistent spacing of half the wavelength, as shown in previous studies. 39 The periodic distribution of electric charges generates an ac electric field with electric field lines from positive charges to negative charges. The electric field was simulated using COMSOL Multiphysics 3.5a software ( Figure 2C ). Polarized by the electric field, nanowires are aligned to the field lines along the x axis (SAW propagation direction) due to resultant torques. Then, dielectrophoretic forces transport the nanowires to the displacement nodes, where the nanowires experience counter-balancing forces from both positive and negative electric charges. To test this hypothesis, we placed both silver nanowires and polystyrene microspheres in SSAW fields to observe their relative locations, as shown in Figure 2D . Unlike microspheres, which were trapped at the pressure nodes, nanowires were patterned into parallel arrays along the displacement nodes (pressure antinodes). This observation was consistent with our hypothesis that nanowires are patterned by dielectrophoretic forces rather than by acoustic radiation forces.
To further study the forces exerted on nanowires, we carried out another control experiment by inserting a layer of coupling liquid (water) and a Au layer between the LiNbO 3 substrate and the nanowire suspension (see Supporting Information, Figure S1C for device details). The Au layer was designed to shield the nanowires from the electric field. As a result, the dielectrophoretic forces were significantly screened, whereas the acoustic wave could still transmit into the nanowire suspension through the coupling liquid. Dominated by acoustic radiation ARTICLE forces, the nanowire bundles had similar behaviors to microspheres, which were patterned at pressure nodes without alignment by the electric field ( Figure 2E ). This control experiment indicates that although metallic nanowires experience both dielectrophoretic and acoustic radiation forces inside a SSAW field, the dielectrophoretic forces play a dominant role in their patterning. In our calculation (see Supporting Information), the acoustic radiation force and dielectric force acting on a nanowire bundle (length ∼50 μm, radius ∼250 nm) were estimated to be 0.24 pN and 700 pN, respectively. The acoustic radiation force is smaller than the dielectric force by approximately 3 orders of magnitude.
Patterning Nanowires in Suspension. We demonstrate that our method can manipulate and pattern suspended nanowires in a real-time fashion. As the propagation direction of SAWs changes, the alignment direction of the nanowires can be switched simultaneously, allowing for dynamic patterning. As soon as the input power is turned off, the nanowire arrays are disturbed by the fluidic flow, but they can be repatterned into various geometries by applying different SSAW fields. It was also possible to switch between patterns without turning off the power during the process. The dynamic patterning concept is illustrated in Figure 3 . After turning off the radio frequency (RF) signal, patterned nanowire bundles were randomly distributed in the suspension ( Figure 3A ). When polarized again by the SSAW-induced 1D electric field, small nanowire bundles simultaneously connected end-to-end to form a longer chain of wires, which took less than 1 s ( Figure 3B ). Due to the dielectrophoretic forces along the x and y directions, 24 these bundles tended to move close to each other while reorienting along the SAW propagation direction ( Figure 3C ). During this process, some bundles would merge together as shown in Figure 3D and E. The red arrows in Figure 3D and E indicate a typical combination process of two nanowire bundles located in close proximity. Finally, all the nanowire bundles were aligned and patterned into one row anchored in the SSAW displacement node (pressure antinode) with almost the same spacing along the y direction ( Figure 3F ). The whole process took about ARTICLE 5 s, which was comparable to the conventional dielectrophoretic approach. 21 A stable pattern of nanowires was achieved when the electrostatic repulsion forces from neighboring nanowire bundles, and dielectrophoretic forces along the y direction were properly balanced, resulting in a very regular spacing of nanowire bundles (Supporting Information, Figure S3 ).
34
Patterning Nanowires on Substrates. Patterning nanowires onto the surface of a substrate is important in many applications, particularly in the fabrication of optical and electrical devices. In the SAW-assisted patterning technique, we have shown that Ag nanowires can be patterned in suspension (Figure 3) . We also found that the nanowire patterns could settle down from the suspension onto the piezoelectric substrate without destroying the patterns (Figure 4) . Before the SSAW field was applied, the nanowires were dispersed in the microchamber ( Figure 4A ). A few nanowire clusters were observed as bright dots by a ARTICLE dark-field microscope. When a 1D SSAW field was applied, the nanowires were polarized and subsequently assembled into bundles with the long axis along the propagation direction of the SAWs (x direction), as shown in Figure 4B . Ultimately, aligned nanowires were patterned into parallel rows located at the SSAW displacement nodes (pressure antinodes), perpendicular to the SAW propagation direction (in the x direction). The average length of the nanowire bundles and their average spacing along the y direction were dependent on the concentration and, therefore, could be controlled by adjusting the nanowire concentration in the suspension (Supporting Information, Figure S4 ). The spacing of nanowire arrays along the x direction (distance between the centers of two adjacent rows) was around 150 μm, which was equivalent to the half-wavelength of the SSAWs. After the nanowires were patterned in the suspension, the liquid medium in the open chamber gradually evaporated within 2À3 min. The SSAWs were retained during the evaporation process to prevent the patterns from being destroyed by convection or capillary forces. Consequently, the nanowires patterned in the suspension were deposited onto the substrate. The integrity of the surface patterns is comparable to those in the freestanding suspension. A scanning electron microscope (SEM) image of nanowire surface patterns on a LiNbO 3 substrate is shown in Figure 4C . Most nanowire bundles were well aligned in the same direction after the liquid evaporated, with only a small number of nanowires changing their orientations. Figure 4D shows the structure of a typical nanowire bundle, in which the silver nanowires are assembled tightly into a bundle. After the nanowire patterns were deposited onto the LiNbO 3 substrate, they could be successfully transferred onto polydimethylsiloxane (PDMS) stamps with high fidelity ( Figure 4E ). The stamp was lightly attached onto the substrate to make a conformal contact. The nanowire patterns were then picked up with the PDMS stamp by peeling off the stamp with a high speed. It should be possible to redeposit the nanowires on these PDMS stamps to rigid or flexible substrates using microcontact printing techniques that are already well developed.
59À62
Tunability of Nanowire Patterning. As demonstrated above, an SSAW-induced piezoelectric field can be used to prepare highly ordered nanowire bundles, which usually show distinct optical properties. Here, we further explored the ability of this SSAW-assisted patterning technique in tuning the structure of nanowire patterns (particularly, the spacing of nanowire bundles). The method allowed control of the spacing along the x direction by simply tuning the frequency of SSAWs. In the 1D SSAW field, nanowire bundles are patterned along the nodal positions with the spacing equal to the half-wavelength; therefore an SSAW with tunable frequency should be able to control the spacing of nanowires in real time. To illustrate this idea, two parallel chirped IDTs, 41 which generated two traveling SAWs and formed a 1D SSAW field, were used to control the spacing of nanowires along the x direction. The chirped IDTs had a gradient width of the electrode (25À50 μm), which could generate SAWs with different wavelengths (100À200 μm) at a resonance frequency between 18.5 and 37 MHz. A nanowire suspension with a concentration of 10 μg/mL was used for patterning, and the results are shown in Figure 5 . As the frequency of SSAW gradually increased, nanowire bundles in different rows were moved closer to each other along the x direction due to the decrease in the wavelength of the SSAW. The average spacing measured at different frequencies produced values similar to each frequency's corresponding half-wavelength. For example, at the frequency of 19 MHz and a half-wavelength of 100 μm, the average spacing was 97.6 μm. When the frequency increased to 37 MHz, resulting in a corresponding halfwavelength of 50 μm, the average spacing decreased to 48.4 μm. The insets of Figure 5 show that the density of nanowire bundles in the pattern increases with the frequency of the SSAW. By tuning the frequency, the shift of the nodal positions induced a rearrangement of the nanowire patterns. The ability to control the structure of nanowire patterns renders the SSAW-based method a versatile tool for nanowire alignment and surface patterning. The 1D parallel nanowire array is one of the most commonly used nanowire patterns with applications that include molecular sensors, 3 nanowire transistors, 63 and nanowire batteries. 64 Compared to the conventional dielectrophoretic approach, this technique does not require prefabricated electrodes and is more versatile in that the spacing and orientation can be tuned in situ. ARTICLE 2D Patterning of Nanowires. 2D SSAW fields could also be generated, resulting in nanowires patterned into perpendicular arrays. Figure 6A shows a simulation of a 2D electric field generated by two orthogonal pairs of IDTs. An array of virtual dot electrodes was created on the piezoelectric substrate due to the interaction between the two orthogonal SSAWs, a result that was quite different from the 1D simulation results (see Figure 2C ). Figure 6B illustrates the mechanism of the formation of a 2D electric field. When 2D SSAW was generated, the interaction of positive displacement antinodes (red lines) formed antinode points with positive charges (red filled circles), and the interaction of negative antinodes (blue lines) formed antinode points with negative charges (blue filled circles). Nodes in the 2D displacement field (green open circles), which had no displacement, were located at the positions that were equidistant from the positive and negative antinodes. The electric field lines between the positive and negative antinodes aligned the nanowires in perpendicular directions, as shown in Figure 6C . 2D networks were formed with angles of 90°between the nanowire bundles. Nanowires patterned into 3D spark structures were observed at the displacement antinodes due to the high intensity of the electric field. A control experiment similar to 1D patterning was carried out by screening the electric field ( Figure 6D ). Nanowire bundles were trapped at the SSAW pressure nodes, which showed a different pattern from the one generated by the electric field. After careful examination of the 3D spark structure in Figure 6E , it was found that the nanowire bundles were aligned along the electric field lines with one end pointing toward the displacement antinodes. When the power was off, the ARTICLE nanowire bundles stopped spinning and settled in the suspension, as shown in Figure 6F . In addition, the nanowire bundles in the spark structure appeared to become longer after turning off the power, indicating that they had been aligned along different tilt directions in a 3D configuration in the electric field.
CONCLUSIONS
Nanowires can be controllably patterned into different geometries in a rapid, simple process by using electric fields generated by SSAW. The spacing of nanowire bundles can be adjusted by tuning the frequency of the SSAW. With 1D SSAW patterns, the direction of nanowire alignment can be reoriented in real time, and 1D and 2D patterns are interconvertible by switching the distribution of the SSAW field. The SSAW-based method therefore offers a new dimension of versatility and tunability to dielectrophoretic patterning of metal nanowires. As a contactless and template-free patterning technique, SSAW patterning of nanowires may be useful in diverse applications that include electronics, biotechnology, and microfluidics.
MATERIALS AND METHODS
Device Fabrication and Experimental Setup. In this study, we used Yþ128°X-propagation lithium niobate (LiNbO 3 ) as piezoelectric substrates. To deposit IDTs on the substrate, the LiNbO 3 wafer was spin-coated with a layer of photoresist (SPR3012, MicroChem, Newton, MA, USA). The IDT design on the mask was transferred by UV exposure and then developed in a photoresist developer (MF CD-26, Microposit). After depositing a metal double layer (Cr/Au, 50 Å/500 Å) with an e-beam evaporator (Semicore Corp), IDTs were formed by a lift-off process.
Two spacers with a height of 50 μm were created by attaching polyimide Kapton tapes on the substrate. After covering with a glass slide (10 Â 10 mm 2 ) on the top, an open microchamber between the glass slide and the substrate was formed to contain the nanowire suspension. In the control experiments, two open microchambers were created to form a coupling liquid (water) layer at the bottom and a suspension layer at the top (Supporting Information, Figure S1 ).
The device was immobilized on the stage of a microscope (Nikon, Eclipse Ti, LV100DA-U). A camera (Nikon, DS-Fi1) was connected to the microscope to capture the dynamics of nanowire patterning in dark field. An RF signal generator (Agilent Tech, E4422B) connected to the IDTs provided coherent ac signals at a frequency of 12.6 MHz with input powers from 10 to 250 mW to generate SSAWs on the piezoelectric substrate (Supporting Information, Figure S2 ). When chirped IDTs were used, the frequency of the acoustic waves could be tuned by controlling the input frequency of the ac signals.
Preparation of Silver Nanowire Suspension. Silver nanowires were purchased from Blue Nano (NC, USA). The nanowires had average diameters and lengths of 60 nm and 40 μm, respectively. The nanowires were dispersed in ethanol at an original concentration of 7 mg/mL, and the suspensions were then diluted by adding deionized water to a final concentration of 5À45 μg/mL (Supporting Information, Figure S5 ). The diluted nanowire suspensions were then sonicated for 15 min to disperse aggregates and resuspend the nanowires.
SEM Image of Nanowires. SEM images were taken on dried nanowires deposited on the surface of the piezoelectric substrate. After the nanowires were patterned by the SSAW fields, we kept the acoustic power on until the liquid evaporated to deposit the nanowire patterns on the surface.
